ABSTRACT Consumption of fruits and vegetables is associated with a lower risk of developing many chronic health conditions such as diabetes and cardiovascular disease. While five or more servings of fruits and vegetables per day are recommended, only 50 % of New York City (NYC) residents consume two or more servings per day. In addition, there is wide variation in dietary behaviors across different neighborhoods in NYC. Using a validated agent-based model and data from 34 NYC neighborhoods, we simulate how a mass media and nutrition education campaign strengthening positive social norms about food consumption may potentially increase the proportion of the population who consume two or more servings of fruits and vegetables per day in NYC. We found that the proposed intervention results in substantial increases in daily fruit and vegetable consumption, but the campaign may be less effective in neighborhoods with relatively low education levels or a relatively high proportion of male residents. A well-designed, validated agent-based model has the potential to provide insights on the impact of an intervention targeting social norms before it is implemented and shed light on the important neighborhood factors that may affect the efficacy of the intervention.
INTRODUCTION
Both the World Health Organization and the United States (US) Department of Health and Human Services have published reports that emphasize the importance of having a healthy diet on population health. 1, 2 A diet high in fruits and vegetables has proved to be a protective factor for many chronic health conditions such as obesity, hypertension, diabetes, and cardiovascular disease. [3] [4] [5] In addition, high consumption of fruits and vegetables in early life is associated with lower health care expenditures in older age. 6 However, research has shown that most people in the USA do not consume enough fruits and vegetables; only about 30 % of women and 20 % of men report eating the recommended amount (five servings or more) of fruits and vegetables per day.national levels to improve dietary behaviors, the consumption of fruits and vegetables has not increased significantly in recent years. 8 The dietary behavior of New York City (NYC) residents is worse than the national average, as only about 10 % of adults consume five or more servings of fruits and vegetables per day. 9 In addition, there are striking differences in the consumption of fruits and vegetables across different neighborhoods in NYC. 10 For instance, residents in wealthier neighborhoods, such as the Upper East Side, consume more fruits and vegetables than residents of low-income NYC neighborhoods, such as the South Bronx. This difference in healthy eating patterns is likely due to a number of factors. For instance, residents of the Upper East Side have excellent access to fruit and vegetable markets and supermarkets, while the South Bronx is often considered a food desert with an overabundance of fast food restaurants and a lack of healthy food retailers. Studies have also found that exposure to advertising and marketing of unhealthy foods is greater in low-income, African-American, and Latino communities. 11 Similarly, evidence suggests that the high cost of healthy foods, such as fresh fruits and vegetables, is a significant barrier to healthy eating for many low-income individuals and families. 11 Interventions targeting social norms-such as mass media and nutrition education campaigns-have been shown to influence individuals' eating behaviors. [12] [13] [14] These interventions operate through the repeated exposure to media or education that influence the perceptions and cognition of individuals and align them in the direction of the marketed dietary pattern. 15 In other words, these types of interventions can strengthen either positive or negative social norms with regard to dietary behaviors. For example, an experimental study showed that varying combinations of TV commercials for junk food and nutritious food can change children's perceptions of social norms and, thus, influence their eating behaviors. 16 Similar mechanisms come into play in other areas such as the perception of people toward violence; research has shown that TV viewers tend to overestimate the prevalence of violence because many TV channels display a higher prevalence of violence than what actually exists in society. 17 A recent study by the Kaiser Family Foundation found that most TV food commercials marketed unhealthy food such as snacks, soda, and fast food, and none of the reviewed advertisements were for fruits and vegetables. 18 Constant exposure to media that promotes unhealthy food may pose a serious threat to population health; it may be an important driver for the tremendous increase in obesity during the past three decades. 19, 20 However, we hypothesize that interventions targeting social norms-such as mass media campaigns and community-based nutrition education programs promoting the consumption of fruits and vegetables-can improve dietary behaviors, and there is limited evidence on the extent to which these interventions influence dietary patterns.
In this study, we investigate whether a hypothetical mass media and nutrition education campaign may lead to increases in the consumption of fruits and vegetables across NYC neighborhoods characterized by diverse, disparate populations, and dissimilar food environments. Previous studies have shown that factors such as socioeconomic status (SES), the local food environment, and social influences (e.g., social norms) are directly associated with the consumption of fruits and vegetables in a neighborhood. [21] [22] [23] [24] [25] Traditional statistical models have limited capacity to predict dietary behaviors because they do not fully capture complex interactions among people and spillover effects caused by these interactions. 26, 27 To address these concerns, we use a validated agent-based model-that takes into account individual and neighborhood-level factors (e.g., age, gender, education, the food environment) and their interactions-to predict dietary behaviors at the neighborhood level. The model explicitly captures individual decision-making regarding daily food choice, which are influenced by one's cognitive habits related to dietary behaviors, income level, the influence of peers, access to healthy or less healthy food retailers, and food prices. 28, 29 Using this systems science model, we simulate a hypothetical mass media and nutrition education campaign and predict the impact of the intervention on the consumption of fruits and vegetables across different neighborhoods in NYC. We also identify important neighborhood factors that may lead to effect differences across groups after the simulated intervention.
METHODS
We analyze how a hypothetical mass media and nutrition education campaign across NYC neighborhoods leads to changes in dietary behaviors by using an agentbased model that includes individual behaviors, the food environment, and social influences. The structure, parameterization, and validation of the model have been presented in a previous study. 28 We briefly describe the main features of the model and characteristics of our studied populations here.
Model Structure
In our simulation model, an agent can be either an individual or a food outlet. Individuals differ by their demographic characteristics, including age, gender, and educational attainment. They also have different taste preferences (e.g., the extent to which they prefer the strong taste of sweet and salty foods), health beliefs (the extent to which they care about the healthiness of food), price sensitivity (the extent to which they have a strong preference for low-price foods), and abilities to access healthy or less healthy foods (whether a food outlet is within walking distance, defined as less than 1 mile). Food outlets include healthy outlets (supermarkets and fruit and vegetable markets) and less healthy outlets (limited service and full service restaurants). The geographic location of individuals and food outlets are dependent on the size and structure of the simulated neighborhood.
Individuals-who are connected in a social network-make a dietary choice during each simulated day between more healthy and less healthy food based on a probability function that is developed by analyzing data from the Food Attitudes and Behaviors Survey and other empirical studies. [30] [31] [32] [33] The function includes variables that represent health beliefs, taste preferences, price sensitivity, food accessibility, and demographic characteristics. The taste preferences and health beliefs of each individual are continuously updated in the model due to the influence of friends in the social network in each community. Each simulation was conducted for three years to account for the fact that social influences take time to converge and change dietary behaviors at the population level. 28 The main simulation outcome is the proportion of the population in a given neighborhood who on average consume more than two servings of fruits and vegetables per day.
Population Characteristics
We extracted data on demographic characteristics from the 2010 US Census for each zip code in NYC. We then estimated demographic characteristics for each of the 34 United Hospital Fund (UHF) neighborhoods by combining the zip code area data within the particular neighborhood. 34 We also estimated healthy diet levels-measured by the proportion of the population who consumed at least two servings of fruits and/or vegetables in the previous day-for the same 34 UHF neighborhoods from the NYC Community Health Survey (CHS) developed by the NYC Department of Health and Mental Hygiene. 35 
Social Network
The existence and importance of social networks is an important feature of urban environments. 36, 37 In our agent-based model, individuals in a given neighborhood are connected according to a type of social network called a Bsmall world.^3 8 In a small world network, individuals form densely connected groups and any individual is influenced by others through only a few social ties. A wide variety of models that integrate small world networks have been developed to capture population interactions such as the spread of infectious disease and social influence on individual behaviors. 36, 39 Food Environment We extracted data that characterizes the food environment in each of the zip code areas in NYC from the 2010 ZIP Code Business Patterns data provided by the US Census Bureau. 40 We then estimated food environment parameters for each of the 34 UHF neighborhoods by combining data from the zip code areas that constitute a particular neighborhood. In our agent-based model, healthy food outlets included supermarkets (including larger grocery stores and supercenters) and fruit and vegetable markets while less healthy food outlets included full service and limited service restaurants. Our classification of food outlets is consistent with existing studies and is based on typical food offerings by these retailers. 24, 41 Intervention An example of the simulated mass media and nutrition education campaign would be a program recently implemented to improve fruit and vegetable consumption among Latino adults in Fresno, California. 42 The program used both a mass media campaign (e.g., television and radio advertisements) and nutrition education programs (e.g., community-level educational outreach) to enhance people's awareness-and shift perceptions-of healthy eating, which resulted in a significant increase in the consumption of fruits and vegetables for the intervention group compared to the control group. 42 A previous study has shown that a 10 % improvement in the influence of positive social norms could be more effective in increasing consumption of fruits and vegetables compared to price-based strategies such as taxing unhealthy food and subsidizing healthy food. 28 Thus, in our baseline simulation experiments, we assumed that the simulated intervention improved the influence of positive social norms by 10 %. We also conducted sensitivity analyses by varying the effectiveness of the intervention.
Limitations
Like all simulation models, our agent-based model is a simplification of the real world and, thus, has limitations that need to be fully understood and discussed before it is used to inform policy-making. First, we assumed that an individual's health belief and taste preferences were only influenced by his/her peers within his/ her neighborhood. Research has shown that internet-based communities increasing-ly influence individual behaviors but we are unable to capture this potentially important feature in our current agent-based model. 43 Second, our neighborhood food environment data excluded several types of food outlets, such as farmers markets, small grocery stores, and convenience stores, because we did not have such data available. However, our current sets of healthy and less healthy food outlets provide most dietary needs of a population and, thereby, can be used to broadly describe the food environment in a given neighborhood.
Third, we did not directly consider the impact of other demographic characteristics (e.g., race/ethnicity, income level, marital status) due to a lack of these data. However, the equations for dietary choices were derived from nationally representative data from the Food Attitudes and Behaviors Survey and other published studies and included other variables that are likely to be highly correlated with socioeconomic status such as the level of education. 28, [30] [31] [32] [33] Model validation was also conducted based on neighborhood data estimated from the NYC CHS.
Finally, we made several simplifying assumptions regarding individual behaviors and interactions. For example, we assumed that individuals behave in a conventional manner in terms of how they are influenced by their peers (e.g., individuals put more weight on their own habits than on the habits of others when making decisions). In addition, we assumed that individuals did not change their location of residence throughout the simulation period of 3 years. Table 1 presents population characteristics for the eight selected neighborhoods-Riverdale, the South Bronx, Greenpoint, Brooklyn Heights, the Upper East Side, Inwood, Forest Hills, and the Rockaway-that have the highest and lowest fruit and vegetable consumption levels for the Bronx, Brooklyn, Manhattan, and Queens boroughs of NYC. There is substantial variation in demographic characteristics across different neighborhoods. Riverdale has a relatively older population, with 39 % of the population 55 years of age or older, while only 22 % of the population in Greenpoint is 55 years of age or older. The proportion of women in the neighborhood population ranges from 48 to 57 % in these eight selected neighborhoods. For educational attainment, 39 % of the population in the South Bronx did not have a high school degree compared to only about 3 %in the Upper East Side. Table 1 also compares the dietary behaviors for the eight selected neighborhoods based on data from the NYC CHS and the statistics with simulated results from a baseline (i.e., no intervention) simulation. Data from the NYC CHS demonstrate large differences in healthy dietary behaviors across all the different neighborhoods. For instance, 81 % of the population in the Upper East Side in Manhattan consumed at least two servings of fruits and vegetables per day; in comparison, only 54 % of the population in the South Bronx and 55 % of the population in Brooklyn Heights consumed at least two servings of fruits and vegetables per day. Also, note that the actual (CHS-derived) and simulated consumption of fruits and vegetables per day reported at the bottom of Table 1 are virtually identical in most neighborhoods. This strongly supports the predictive ability and validity of our model.
RESULTS
Compared to no intervention, the hypothetical mass media and nutrition education campaign significantly increased the consumption of fruits and vegetables 
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for the eight selected neighborhoods in NYC (Fig. 1) . For neighborhoods in the Bronx, the proportion of the population who ate at least two servings of fruits and vegetables a day after the intervention increased from 68. 13 Among the 34 UHF neighborhoods, the increase in the proportion of the population who ate two or more servings of fruit and vegetables a day after the hypothetical intervention ranged from 2.68 to 13.94 %. Because there is uncertainty regarding the effectiveness of the mass media and nutrition education campaign in changing people's perceptions of social norms, we also conducted sensitivity analyses by simulating another set of hypothetical interventions that were less effective in the sense that they strengthened positive social norms by 5 % instead of 10 %. Strengthening social norms by 5 % results in increases in the proportion of the population who ate two or more servings of fruits and vegetables a day that fell between 0.58 and 8.97 % across all the 34 neighborhoods studied (a full set of simulation results and sensitivity analyses are available upon request to the authors). the population have a very low intake of fruits and vegetables per day. Our results show how a mass media and nutrition education campaign-by enhancing positive social norms around the consumption of fruits and vegetables-may change the landscape of healthy dietary behaviors for people in NYC.
Using linear regression analysis, we also evaluated the association between population characteristics and changes in fruit and vegetable consumption to identify important factors that may drive the variability in the effectiveness of the hypothetical mass media and nutrition education campaign across different neighborhoods in NYC. We found that the simulated intervention had a greater impact in the neighborhoods with a higher percentage of women (P G 0.01). In addition, we found that the intervention was less effective at increasing the consumption of fruits and vegetables in neighborhoods with a relatively high proportion of the population without a high school diploma (P = 0.05).
DISCUSSION
Social norms play an important role in forming individual behaviors, especially when it comes to activities that impact obesity such as food consumption and exercise. 27, 44 The marketing of unhealthy food has been criticized for having a negative impact on dietary behaviors and being an important contributor to the rise of obesity. 20 However, little research has examined the potential benefits of interventions targeting social norms on healthy eating across heterogeneous neighborhoods, which may help alleviate the health, social, and economic burden of obesity and other chronic health conditions in disadvantaged communities. This research gap may be due in part to a lack of evidence regarding the impact of such interventions on dietary behaviors. Research in this area is limited by the fact that many of the currently available statistical models do not fully capture complex population interactions and the impact of social influences.
We use a validated agent-based model to assess how a hypothetical mass media and nutrition education campaign at the neighborhood level may be related to the consumption of fruits and vegetables. Previous empirical studies have provided clear evidence about the main factors that drive and shape dietary behaviors. Our model, built upon a synthesis of the relevant evidence and a multilevel theory of population health focused on habit formation, provides policymakers with a tool to evaluate the potential impact of a neighborhood-level intervention before its implementation in the real world. 28, 29 In particular, we found that if a mass media and nutrition education campaign can successfully improve the influence of positive social norms regarding dietary behaviors in a social network by 10 %, then this strategy can potentially increase the proportion of the population consuming at least two servings of fruits and vegetables daily by 2.68 to 13.94 percentage points across different NYC neighborhoods. We also found that even modest changes in the influence of positive social norms (e.g., a 5 % improvement) can lead to increases in the daily consumption of fruits and vegetables (an average of 4 % across all 34 neighborhoods studied).
The impact of the hypothetical mass media and nutrition education campaign in our simulation exercise varied substantially across different neighborhoods in NYC. More specifically, we found that the effectiveness of the simulated intervention in a neighborhood is associated with factors such as gender as well as the educational composition of the neighborhood. The former result may be driven by gender differences in healthy diet beliefs-with women being more likely to eat fruits and vegetables than men 45 -while the latter finding may be related to the sensitivity of eating behaviors to cognitive overload. 29 That is, in neighborhoods with a high proportion of residents with lower levels of education, residents may have competing priorities (e.g., housing insecurity, safety) that may result in poorer food consumption choices and a higher sensitivity to unhealthy food advertising. 46 Moreover, even if residents with lower levels of education in a given neighborhood are influenced by mass media and nutrition education campaigns to the same extent as everyone else, other factors such as the sensitivity of individuals to food prices and living in a neighborhood with poor access to healthy food may result in a lower consumption of fruits and vegetables in these neighborhoods.
While extensive sensitivity analysis is needed to confirm our findings with different sets of model parameters and assumptions, our results have demonstrated consistency with existing empirical studies and may have important policy implications. As most of the literature shows the harmful impact of unhealthy food marketing, which dominates the food market, countervailing forces working against it that rely on investing in mass media campaigns and community-based nutrition education programs may be needed if one hopes to reduce the harmful effects of unhealthy food marketing. Another important issue is that interventions focused on social norms are likely to have a marked differential impact across neighborhoods; in our model results, the proposed health campaign would need to be more intense in neighborhoods characterized by a relatively high proportion of male residents as well as in neighborhoods with a larger proportion of residents without a high school degree. As such, combining this intervention with other policies such as healthy food subsidies and/or extensive rezoning of the local food environment may be necessary to have a meaningful impact on healthy food consumption in these vulnerable communities. Multilevel interventions are likely to be necessary in disadvantaged communities to change behaviors, shift social norms, and, ultimately, impact population health.
CONCLUSION
Well-designed, validated simulation models have the potential to provide insights on the impact of an intervention before it is implemented and shed light on the important neighborhood factors that may affect the efficacy of a given intervention. Our simulation results suggest that carefully designed mass media and nutrition education campaigns may be an effective way to increase the consumption of fruits and vegetables in NYC but its effects are likely to vary substantially across neighborhoods-with a lower effectiveness in neighborhoods characterized by lower levels of education and a higher proportion of men. Dietary behaviors may be more difficult to change for individuals living in neighborhoods with competing priorities and fewer resources. Further research is needed to precisely understand the relevant mechanisms underlying this finding.
